Fossil pollen records suggest rapid migration of tree species in response to Quaternary climate warming. Long-distance dispersal and high gene flow would facilitate rapid migration, but would initially homogenize variation among populations. However, contemporary clinal variation in adaptive traits along environmental gradients shown in many tree species suggests that local adaptation can occur during rapid migration over just a few generations in interglacial periods. In this study, we compared growth performance and pollen genetic structure among populations to investigate how populations of Sitka spruce (Picea sitchensis) have responded to local selection along the historical migration route. The results suggest strong adaptive divergence among populations (average Q ST ¼ 0.61), corresponding to climatic gradients. The population genetic structure, determined by microsatellite markers (R ST ¼ 0.09; F ST ¼ 0.11), was higher than previous estimates from less polymorphic genetic markers. The significant correlation between geographic and pollen haplotype genetic (R ST ) distances (r ¼ 0.73, Po0.01) indicates that the current genetic structure has been shaped by isolation-by-distance, and has developed in relatively few generations. This suggests relatively limited gene flow among populations on a recent timescale. Gene flow from neighboring populations may have provided genetic diversity to founder populations during rapid migration in the early stages of range expansion. Increased genetic diversity subsequently enhanced the efficiency of local selection, limiting gene flow primarily to among similar environments and facilitating the evolution of adaptive clinal variation along environmental gradients.
Introduction
In response to climate change during the Quaternary Period, species' ranges repeatedly shifted northward and southward (Hewitt, 1996) . Climate change over time and space shifted the intensity and direction of natural selection toward new local optima. Although a whole species range could shift to spatially track the same climate envelope as defined by the same range of temperature and moisture, the species would still have to adapt to some new environmental conditions including biotic agents, species interactions or new photoperiods. Species' range shift driven by climate change is not just the movement of an entire range, but involves migration and adaptation to new environments at a large scale (Davis and Shaw, 2001) or across topographic and environmental variation at a local scale (Campbell, 1979) .
Fossil pollen records suggest rapid migration of tree species in response to postglacial warming (Davis, 1981; Davis and Shaw, 2001) . Migration rates estimated for several tree species exceed 100 m/year (Clark, 1998) . Long-distance dispersal may be a key feature of the rapid migration of tree species (Clark, 1998; Clark et al., 2003) .
High gene flow and high genetic variation within populations, typical in tree species (Hamrick et al., 1992) , may have been enhanced by long-distance dispersal.
Despite past rapid migration during the Quaternary, tree species exhibit clinal phenotypic values along environmental gradients (Morgenstern, 1996) . Tree species migrate quickly, and despite the homogenizing effects of high subsequent gene flow, populations still adapt in relatively few generations to new environments. Davis and Shaw (2001) proposed that gene flow from neighboring populations plays a crucial role in species' range shift in response to linear environmental shifts. During such environmental changes, gene flow from neighboring populations can provide somewhat preadapted alleles to founder populations, and with genetic recombination and selection, may enhance local adaptation. Thus, a migrating population may adapt to a new environment through a combination of gene flow and selection. Such species should show isolation-by-distance (IBD) genetic structure following the stepping stone migration model in relatively few generations, while exhibiting adaptive population divergence across the range.
The concept of IBD was originally addressed by Wright (1943) . In this model, the level of gene flow (or number of migrants) is expected to decrease with increasing distance between populations under equilibrium conditions. In theory, IBD should be more pronounced at equilibrium between genetic drift and gene flow (Slatkin, 1993) , thus it is expected that IBD will be seen in long-established populations but may not be detectable in recently established populations (for example Sharbel et al., 2000; Genton et al., 2005) . Peterson and Denno (1998) conducted meta-analyses in host insect species and found that high-and low-dispersal species showed less IBD compared to species with moderate dispersal capability. This occurs because high gene flow homogenizes variation among populations and low gene flow results in effective isolation and genetic drift. We expect to see IBD when gene flow from neighboring populations is stronger than the long-term effects of long-distance gene flow on population genetic structure.
Migration in response to postglacial warming has left signatures on population structure in many species. A study of chloroplast DNA (cpDNA) of herbaceous and woody plants distinguished northern and southern genotypes for six of the seven species analyzed along the Pacific coast of North America (Soltis et al., 1997) . This north-south population structure suggests either a pattern of leading edge migration or the presence of glacial refugia in both northern and southern areas. Sitka spruce (Picea sitchensis (Bong.) Carr.) did not, however, show the same phylogeographic pattern and had little geographic structure in cpDNA (Soltis et al., 1997) .
Sitka spruce is a wind-pollinated, predominantly outcrossing conifer species, endemic to North America. The current range of this species spans more than 221 latitude from northern California to Kodiak Island in southwest Alaska. At the last glacial maximum, the southern range limit of Sitka spruce reached at least 22 km south of San Francisco Bay, CA (Daubenmire, 1967) . Sitka spruce extended its northern range limit from south of Puget Sound, Washington, in the early Pleistocene, reaching the current northern limit on Kodiak Island in Alaska approximately 400 years ago. Growth performance of populations exhibits a strong correlation with environmental gradients such as latitude (Harris, 1978; Xu et al., 2000) . The absence of genetic differences among populations in cpDNA in Sitka spruce, which is paternally inherited in the Pinaceae and maternally inherited in the angiosperm species studied by Soltis et al. (1997) , suggests that high pollen flow across the wide range has homogenized population genetic structure. Similar results were found using eight sequence-tagged-site (STS) markers in nuclear DNA (F ST ¼ 0.030; Gapare et al., 2005) . However, 18 isozyme markers produced higher polymorphism in total and a higher F ST in Sitka spruce populations than these STS markers (F ST ¼ 0.063, recalculated with polymorphic loci; Yeh and El-Kassaby, 1980) . We observed adaptive traits and genetic structure among populations across the entire range of Sitka spruce to understand the mechanisms involved in tree migration and adaptation in response to past environmental change. Sitka spruce is an ideal species for studying these dynamics, because its long, narrow distribution is across a generally linear environmental gradient from south to north along the Pacific coast (Figure 1 ) simplifying the historical patterns of migration and selection. Our objectives were to: (1) determine the degree of local adaptation to a wide range of environments using a common garden experiment, as well as neutral variation using genetic markers; (2) investigate the implications of gene flow for migration and adaptation.
Materials and methods

Study area
Sitka spruce (P. sitchensis) is distributed from Alaska to California along the Pacific Coast of North America where climates are relatively warm and moist (Figure 1) . Away from the coast and at higher elevations in the northern portion of the range, forests are dominated by introgression between P. sitchensis and P. glauca (Bennuah et al., 2004) . In this study, samples were collected from low elevations (o70 m) close to the Pacific Ocean to avoid hybrid contamination. Six of the populations sampled for genetic analysis coincide with those used for quantitative trait analysis, while quantitative traits were analyzed for 17 populations in total to test clinal trends and geographic patterns. Seeds were obtained from the British Columbia Ministry of Forests, the University of Alaska, Fairbanks, USDA Forest Service, and California Department of Forestry and Fire Protection, and represented populations from across the full range of the species.
Population genetic structure in pollen gamete pool Two populations from each of the southern range periphery, the center of the distribution and the northern range periphery were selected to assess genetic diversity Table 1) . The pollen gamete contributing to each fertilization producing a seed was determined by genotyping both the embryo (offspring genotype) and corresponding megagametophyte (maternal haplotype). A total of 175-227 pollen gamete haplotypes were determined for each population. As the number of maternal parents sampled was limited, population genetic analysis focused on pollen haplotypes, capturing diversity from more parents in each population. There were no male gamete pool substructures within populations except in the most southern peripheral population (Mimura and Aitken, unpublished data) . DNA was extracted from both one-week-old germinants and the corresponding megagametophyte from the seed using the method of Hodgetts et al. (2001) . All samples were genotyped for five polymorphic nuclear microsatellite markers: UAPgAG150 developed for P. glauca (Hodgetts et al., 2001 ), SPAGC1 and SPAGG3 developed for P. abies (Pfeiffer et al., 1997) , and WS0073.H08 and WS0061.K02 developed for P. glauca and P. sitchensis (Rungis et al., 2004) . Two additional loci, EAC7H07 (Scotti et al., 2002) and UAPgAG105 (Hodgetts et al., 2001) , were also genotyped, but were excluded from the analysis due to either low polymorphism (UAPgAG105) or a high frequency of null alleles (EAC7H07).
Common garden experiments
Seedlings in the common garden experiment originated from 17 populations ( (Figure 1 ). Bulk seedlots collected for reforestation comprised seed from at least 10 seed parents, usually many more. Seeds were germinated in 2002 on filter paper in petri dishes at room temperature after soaking in water for 48 h and stratifying for 3 weeks at 41C. Germinants were transplanted into Super Leach Tubes and grown in a greenhouse at University of British Columbia in Vancouver, BC, for one growing season. In February 2003, the seedlings were transplanted into outdoor raised nursery beds at UBC. The beds were 0.75 m tall and filled with a well-drained sandy loam topsoil. Since the southern and northern populations exhibited considerable differences in height in the first year, populations were grouped into southern, central and northern regions to avoid shading effects. A split-plot block design was used with eight blocks, where the main plots were regions and the subplots were populations within region. Population subplots were noncontiguous with individuals from populations randomized within main plots. Bud phenology (timing of bud break and bud set) and height were recorded repeatedly throughout the growing period in 2003. Final height was also obtained at the end of the growing season in 2004. Bud break was defined as the Julian date when needle primordia first emerged though the bud scales. Bud set was defined as the Julian date when brown bud scales were first visible to the naked eye at the leader shoot apex. To eliminate first year effects, height in the second and third year was recorded as the length between first year or second year terminal bud scale scars and the shoot apex. Postglacial migration and adaptation
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Cold hardiness test Cold hardiness was determined by artificial freeze testing on a subset of trees after bud set in the fall of 2003 using the methods described in Hannerz et al. (1999) . One or more branches were harvested, and four needle segments 5 mm in length cut at both ends were placed in each tube with 0.2 ml of distilled water and a trace of silver iodide for ice nucleation. A total of 446 individuals from 17 populations were sampled on November 3, and 420 individuals from 17 populations sampled on November 10. For the samples harvested on November 3, the test temperatures were À16 and À261C, and for the samples harvested on November 10, they were À20 and À301C due to anticipated acclimation between the two sample dates. At the planting site in Vancouver, the first natural frost occurred during the week of November 3, 2003. Increased cold hardiness generally develops after the first exposure to frost (Sakai and Larcher, 1987) . Thus, we lowered the test temperature for the second week of testing (November 10). For both test dates, chamber temperature was lowered at a rate of 41C/h from an initial temperature of 41C, and held at the first test temperature for one 1 h. One complete set of samples was then removed, and the temperature was further decreased by 41C/h to the second test temperature, and again held for 1 h before the second complete set was removed. Control samples for all genotypes were kept at 41C for the duration of freezing. After freezing, samples were thawed overnight at 41C, diluted with 3 ml of distilled water, shaken for 1 h and measured for electrolytic conductivity. Samples were then heat killed in 951C water bath, shaken for 1 h and remeasured for maximum conductivity. Flint's Index of Injury (cold injury index) was estimated as a percent of maximum injury possible from the electrolytic leakage of the corresponding control, frozen and heatkilled samples (Hannerz et al., 1999) .
Data analyses
Genetic data: Allele frequencies of pollen gamete pools for each population were calculated using Arlequin Version 2.001 (Schneider et al., 2000) . Two statistical measures of genetic distances, F ST (Wright, 1951) and R ST (Slatkin, 1995) , were estimated from components of genetic variation within and among population, and for pollen gamete haplotypes pooled within populations, also using Arlequin v. 2.001. F ST is an estimate of the genetic distance derived from variation in allele frequencies among populations based on the infinite allele model. R ST is an analog of F ST , developed specifically for microsatellite markers that follow the stepwise mutation model (SMM), and takes into account allele size. R ST is generally recognized as a better estimator when mutation rate is high relative to migration rate, while F ST is a conservative estimate under most conditions if sample size is small (Gaggiotti et al., 1999) . In this study, both estimators were used to analyze effects of genetic drift and mutation on population structure. The correlation between genetic and geographic distance matrices was tested using a Mantel test with 1000 permutations with genetic distance expressed as F ST /(1ÀF ST ) or R ST /(1ÀR ST ) following Rousset (1997) .
Quantitative growth trait data Height measurements were log-transformed to generate a more normal distribution. To understand patterns of variation in growth traits across the geographic range, analyses of variance were calculated for second and third year height, bud break, bud set, growth period (days between date of bud break and date of bud set), mean daily growth rate (height increment divided by growth period) and cold injury index, using the model;
where b is the effect of block i, p j is the effect of population j and f(p) jk is the effect of family k within population j. The regional plots in the experimental design to avoid shading effects were not included in this model to allow for quantification of clinal pattern rangewide and their association with environmental gradients. Preliminary analyses indicated continuous clinal patterns in population means across the regional groupings. Cold injury index for the freezing tests on the two different dates were highly correlated phenotypically (r ¼ 0.96), thus cold hardiness scores from each date were standardized, combined and analyzed as a single trait. Least squared population means were estimated with this model using PROC GLM in SAS Version 9.0 (SAS Institute Inc., 2000). The procedure estimated simple linear regression coefficients of population means with distance along the coast as an independent variable. Correlations among traits were estimated for population means using PROC CORR. Principal component analysis was applied to quantitative data for population means for all variables using PROC PRINCOMP. Principal component analysis extracts orthogonal variables that are linear combinations of the original variables best explaining the total variance in the data set. Using PROC REG, multiple regressions were then performed on the first two principal component scores as dependent variables with geographical and climatic factors (distance along the coast, mean annual temperature, mean warmest month temperature, mean coldest month temperature, growing degree days (above 51C) and precipitation) (Table 1) as independent variables. Principal components were included in regression models when their eigenvalues were greater than 1.0.
We compared standardized measures of genetic differentiation for neutral genetic markers (F ST and R ST ) with quantitative traits (Q ST ) to evaluate the relative strengths of natural selection and genetic drift on population differentiation (Merilä and Crnokrak, 2001) . One of the six populations (Fort Bragg, FB) used for estimating population genetic structure was represented by bulk seedlot samples in the common garden experiment (Table 1) . Q ST was estimated for the five remaining populations, following Spitze (1993) for family-structured populations from additive genetic variances estimated using the PROC VARCOMP procedure of SAS with the restricted maximum likelihood option (METHOD ¼ REML). The additive genetic variances for each trait were also used to estimate within population individual heritabilities.
Results
Allelic richness was highest in central and lower in peripheral populations (Table 2 ). There were also more private alleles in the central and continuous populations (Table 2 and Supplementary Table 1) . Gene diversity was The genetic distance measures F ST and R ST showed similar degrees of population differentiation (Table 3 , F ST ¼ 0.11, R ST ¼ 0.09). For both measures of genetic distance, the two central populations, regardless of degree of isolation, are core in terms of genetic structure. Correlations of geographic and genetic distances between populations were statistically significant (Figure 2) . IBD was stronger for R ST (Mantel test: r ¼ 0.72, P ¼ 0.003) than for F ST (Mantel test: r ¼ 0.51, P ¼ 0.051).
Individual heritabilities were moderate and fairly uniform across quantitative traits, ranging from 0.17-0.32 (Table 4 ). Bud break timing had the lowest heritability among the observed traits and bud set timing had the highest. Height at age 3 had a lower estimated heritability but higher Q ST value than height at age 2.
Regressions of quantitative traits with distance along the coast revealed strong, significant clines for all traits except bud break timing (Table 4) . Southern populations had much longer periods of primary growth than northern populations. Height, days to bud set and fall cold injury significantly increased toward the south, while average daily growth rate increased significantly to the north. The log of height increment (height) at age 2 (2003) and 3 (2004) increased at a rate of 0.023 per 100 km south. Julian days to bud set increased by 3.2 days, and standardized cold injury index increased by 7% for every 100 km south. Mean daily growth rate (growth rate) decreased 0.008 mm per day for every 100 km south. Bud break timing and daily growth rate appeared to be genetically independent traits (Table 5 ). In contrast, significant negative phenotypic correlations were found between population mean growth rate and bud set timing (r ¼ À0.56), and between growth rate and growth period (days from bud break to bud set; r ¼ À0.58). This means individuals that terminate primary growth earlier (set buds earlier) tend to grow faster within the limited growing periods. Overall, populations from the north set bud earlier, grew less overall in height but more per day, and were hardier to cold events in fall than southern populations.
Principal component analysis of population mean quantitative growth traits revealed strong geographic and climatic relationships (Figure 3 and Supplementary Figure S1 ). Principal component 1 (PC1) represented 72.2% of the overall variation in growth (height at age 2 and 3, bud break timing at age 2, bud set timing at age 2 and average fall cold injury index week 1 and week 2) (Supplementary Table S2 ). PC2 primarily represented daily growth rate and bud break timing, and accounted for 17.9% of the total variation). Regression analyses were performed on the first two principal components (PC1 and PC2) whose eigenvalues were more than 1.0. PC1 had a significant linear relationship with distance along the coast, MAT (Figure 3a) , mean warmest month temperature (MWMT), mean coldest month temperature (MCMT) and growing degree days (DD) (Supplementary Table S3 ). PC2 had a significant relationship only with MWMT (P ¼ 0.04; Figure 3b ). Unlike other climate variables, MWMT does not show a linear relationship with latitude. It is higher in the south-central Vancouver area (latitude 49.161) and lower at the northern and southern range margins, inverse to the U-shaped northsouth distribution of PC2. Weighted number of alleles that were only observed in one population.
c Gene diversity was estimated as 1ÀSp i 2 where p i is frequency of allele i at a locus, then averaged over loci. Postglacial migration and adaptation
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Mean population differentiation for the observed growth traits (Q ST ) was 0.61 (Table 4) . Cold injury index, bud set timing and growth period exhibited extremely strong differentiation among populations (Q ST ¼ 0.89, 0.89 and 0.87, respectively) and these traits were highly correlated (Table 5) . Daily growth rate showed lower but still substantial population differentiation (Q ST ¼ 0.28). Height at age 3 showed stronger differentiation among populations than at age 2. All Q ST estimates were based on only the five populations represented by open-pollinated families in the common garden and genotyped for microsatellite markers as they allowed estimation of additive genetic variance within populations and comparisons with population differentiation for markers. All Q ST estimates were substantially higher than estimates of population differentiation for the neutral genetic markers, F ST and R ST (Tables 3 and 4) .
Discussion
Adaptive divergence across the range Clines in growth traits of Sitka spruce with latitude have long been recognized (Harris, 1978; Xu et al., 2000) . Strong geographic clines in all quantitative traits except bud break timing were also observed in this study, and strong differences in population adaptation to local environments have been characterized. For example, individuals from southern populations grow taller than those from northern populations, while individuals from the north grow faster per day than those from southern populations. These growth strategies correspond to available frost-free growing periods in the original environments of these populations. The date with a 50% probability of first frost (01C) occurs on or before September 30 in Kodiak Island and Kitoi Island, AK (Western Regional Climate Centre, USA), but not until December 16 in Fort Bragg, CA (Koss et al., 1988) . The growth response in the northern populations appears to be an adaptive strategy well suited to a short growing season and low-temperature environment: reach maximum growth as quickly as possible within the limited favorable period, while minimizing the risk Figure 2 Geographic distance versus genetic distance among populations for F ST and R ST . Correlations and probabilities were estimated from a Mantel test with 1000 repeats of bootstrap resampling. The y-axis is F ST /(1ÀF ST ) (or R ST /(1ÀR ST )) following Rousset (1997) . Table 4 Among-population variation and north-south clines in growth traits. Heritability and Q ST estimates are based on 5 of the same 6 populations used for the neutral variation study ( Table 3 ). All traits we observed are assumed to be under differential selection for local adaptation as all Q ST estimates exceeded estimates of neutral genetic distance F ST and R ST (Merilä and Crnokrak, 2001 ). Synchronization of bud phenology to local climates is key for the adaptation of conifers (Howe et al., 2003) , as fall and spring frosts can severely damage current year shoot and needles (Redfern and Cannell (1982) ; Peterson et al., 1997) . Before hardening, or when dehardening occurs during warm periods in winter, tissues become more susceptible to frost (Cannell et al., 1985) , thus cold hardiness is an adaptive trait for optimal growth (Howe et al., 2003) . For conifer species, bud set timing is generally determined by photoperiod (critical night length) and bud break by heat sum accumulation in spring following adequate chilling in winter (Sakai and Larcher, 1987) . In this study, bud set timing was strongly correlated with growth period and cold injury index, while there was no significant clinal variation in bud break timing exhibited among populations in a common environment. This indicates that populations likely do not differ much in chilling requirements to overcome bud dormancy or heat sum requirements to initiate bud break after dormancy is broken, or that there is compensatory variation between these requirements. Therefore, although both bud set and bud break phenology are major determinants of seasonal growth cycle in Sitka spruce, bud set timing (which shows different critical photoperiods among populations for initiation) appears more important when populations are migrating or when environments are changing. Cold hardiness is highest in northern populations, and has a very high Q ST estimate and a strong clinal relationship with geographic distances (Table 4 ). The southernmost populations showed little, if any, development of cold hardiness. Hardiness would probably be less beneficial in the California environment where temperatures rarely drop down below 01C throughout year (average minimum temperature of the coldest month 4. 41C at Fort Bragg, Normal Climate Data, 1971 , National Climate Data Center of US). The steep cline observed for bud set timing and cold hardiness is evidence for differential adaptation to the risk of frost.
Isolation-by-distance in recently migrated populations
The microsatellite markers used detected relatively strong genetic differentiation among populations of Sitka spruce (F ST ¼ 0.11; R ST ¼ 0.09). Conifers generally have low genetic differentiation for nuclear loci, for instance G ST averages 0.055 in Picea, 0.065 in Pinus and 0.063 in Abies (Hamrick et al., 1992; Le Corre and Kremer, 1998) . The weak genetic differentiation of conifer populations is usually attributed to high gene flow (Nm41) via winddispersed pollen, as well as large effective population sizes, preventing differentiation due to genetic drift (Hamrick et al., 1992) . In this study, the genetic differentiation detected by microsatellites for six pollen gamete population pools was much higher than that found for eight populations from the same geographic range (Fort Bragg, CA to Kodiak Island, AK) with a large sample of mature trees genotyped using eight STS markers (F ST ¼ 0.03, Gapare et al., 2005) . This does not agree with a general expectation: a high stepwise mutation rate on microsatellite loci could decrease F ST either by increasing homoplasy (Balloux and LugonMoulin, 2002) or increasing within-population variation Table 1 .
Postglacial migration and adaptation M Mimura and SN Aitken (Hedrick, 1999) . The eight STS loci average 3.25 alleles per locus, while in the current study, the five loci averaged 12.2 alleles per locus. The STS markers were developed based on EST sites and reflect mostly intronlength polymorphisms (Perry and Bousquet, 1998a, b) , which may result in a low level of polymorphism. Our estimate is relatively similar to the isozyme-based estimate for 10 populations from a slightly smaller geographic range (F ST ¼ 0.063, recalculated with 18 polymorphic loci from allele frequencies in Yeh and El-Kassaby, 1980) . The difference between the STS and microsatellite markers may also simply reflect the variance of these estimates. Our estimates of F ST and R ST among all populations were similar, on average, but pairwise comparisons between populations illustrated differences between these estimates. F ST , assuming mutation follows the infinite alleles model, can provide a measurement of population differentiation caused by genetic drift (Reynolds et al., 1983 ), yet a primary problem of F ST is its sensitivity to mutation rate when gene flow is low (Balloux and Lugon-Moulin, 2002) . Based on the high levels of polymorphism observed, it is assumed that the microsatellite mutation rate is generally high, and that mutations mostly follow the SMM. R ST takes into account differences in the number of motif repeats in microsatellite alleles resulting from such stepwise mutations (Slatkin, 1995) . Under the strict SMM, R ST is independent of the mutation rate. Balloux and Lugon-Moulin (2002) noted that the factor influencing measurements of F ST and R ST is not mutation rate itself, but the magnitude of mutation relative to gene flow and mutation has little influence on the measurement of F ST and R ST when gene flow is high. Therefore, the values of these two measurements should become more similar as relative migration rate increases. The stronger IBD pattern revealed by pairwise R ST estimates compared to F ST may suggest that recent gene flow is relatively limited among populations and R ST better reflects the effect of this gene flow on population structure than F ST in this species with microsatellite loci.
IBD should be more pronounced at equilibrium, and it may take populations considerable time to achieve this state (Slatkin, 1993) . High-dispersal insect species also tend to show weak IBD (Peterson and Denno, 1998) . Strong IBD may not develop in Sitka spruce due to: (1) long-distance dispersal via pollen inhibiting population divergence; or (2) the great northward range expansion that occurred since the last glacial maximum (o15 000 years ago). The genetic diversity in these populations may not have always decreased toward the north (the migration tips); this pattern may have resulted from current isolation associated with current population size and other historical reductions in population size. Despite the species' rapid expansion and loss of alleles in isolated populations, moderate IBD in this species suggests that the populations can to some extent reach drift-migration equilibrium fairly quickly, at least at microsatellite loci, and that the majority of contemporary gene flow is restricted to within geographic regions, showing a stepping stone pattern of migration along the coastal distribution of the range. Wright (1946) showed that IBD should occur over shorter distances in species with linear distributions than in species with nonlinear distributions. The generally linear distribution of Sitka spruce on the coastal line may contribute to the IBD and genetic structure. IBD may suggest the accumulation of genetic differentiation with time since divergence from a single ancestral population; however, we genotyped too few populations to identify putative refugia in this study. We conclude that gene flow within geographic regions has been an important factor influencing current population structure, despite possible long-distance dispersal during past migration.
Considering that rapid past migrations of tree species cannot be explained without invoking long-distance dispersal, yet gene flow from neighboring rather than distant populations is crucial for adaptation, we hypothesize adaptation occurred in conjunction with postglacial migration. In the first phase of postglacial migration, long-distance dispersal of seed may have initially established populations, followed by pollen flow from neighboring populations that increased genetic diversity within these new populations. In this phase, the effective population size of the founder population would increase, while hard selection (for example frost events) would act on traits essential for survival (for example bud set timing). Selection is more efficient in larger and more variable populations. Following population establishment, soft selection would increase the frequency of locally favored alleles associated with more competitive growth, which perhaps would originate from neighboring rather than distant populations. Ultimately, this results in geographic clines. This occurs when environmental gradients are steep enough for selection to counteract gene flow. Conifer species such as Sitka spruce, with wind pollination, high fecundity, high longevity and high gene flow, may have effective population sizes that are closer to census size than species with other life history traits. This gives Sitka spruce the ability to colonize new areas and sustain founder populations until population size and withinpopulation variation reach sustainable levels that can respond to selection efficiently. Through these processes, wind-pollinated conifers have had the capacity to adapt to rapid environment changes in the past. However, it should be noted that Mimura and Aitken (in press) found that contemporary mating system was strongly influenced by geographic position, potentially associated with population size. It appears that effective population size, outcrossing rate and effective number of pollen donors all decline toward the northern and southern range peripheries, especially in the disjunct peripheral populations. This is also suggestive of the sensitivity of the species to current population size and gene flow.
Sitka spruce exhibits a wide range of adaptive trait variation despite rapid Quaternary migration, and has maintained or recovered relatively strong population genetic structure in the past 15 000 years. Gene flow could be partially responsible for the rapid migration capacity of Sitka spruce by providing diversity for more effective adaptation to new environments encountered during migration, although current gene flow appears relatively limited, possibly contributing to the maintenance of adaptive divergence. The degree of adaptation may depend on rates of gene flow and the steepness of environmental gradients. This tree species has demonstrated a high capacity to respond to selection and adapt to past climate change along the Pacific Coast of North America.
